The Clean Water Act mandates that the chemical, physical, and biological integrity of our nation's waters be maintained and restored. Physical integrity has often been defined as physical habitat integrity, and as such, data collected during biological monitoring programs focus primarily on habitat quality. However, we argue that channel stability is a more appropriate measure of physical integrity and that channel stability is a foundational element of physical habitat integrity in low-gradient alluvial streams. We highlight assess- ment tools that could supplement stream assessments and the Total Maximum Daily Load stressor identification process: field surveys of bankfull cross-sections; longitudinal thalweg profiles; particle size distribution; and regionally calibrated, visual, stream stability assessments. Benefits of measuring channel stability include a more informed selection of reference or best attainable stream condition for an Index of Biotic Integrity, establishment of a baseline for monitoring changes in present and future condition, and indication of channel stability for investigations of chemical and biological impairments associated with sediment discontinuity and loss of habitat quality.
Introduction
The objectives outlined in the 1972 Clean Water Act and its amendments Section 101[a] ) require that the "physical, chemical, and biological integrity" of our nation's waters be maintained and restored. Many of the terms within the Clean Water Act amendments were not explicitly defined, and as a consequence, water quality managers and researchers have struggled with defining these terms for regulatory and management activities (Cairns 1977; Frey 1977; Karr 1981 Karr , 1993 Karr and Dudley 1981; Hughes et al. 1982; Aadler 1995; Whittier et al. 1987; Barbour et al. 2000) . The increased attention to Total Maximum Daily Loads (TMDLs) associated with biotic impairment now requires water quality managers and researchers to reflect and ask important questions, such as: Is our present definition sufficient to protect physical integrity as well as biological and chemical integrity of streams? If not, how should physical integrity be defined and assessed?
We propose that physical integrity be equated with channel stability and that channel stability is an integral component of physical habitat integrity in low-gradient alluvial streams. We argue that channel stability is the missing link in water quality monitoring programs and TMDL investigations of biotic impairments. To remedy this missing link, we highlight a suite of physical and visual assessments that could be used to assess channel stability. As a result, chemical, physical, and biological integrity would be better understood, protected, and restored.
Are we monitoring physical integrity? Graf (2001) asserted that water quality managers and researchers have focused on the chemical and biological integrity of streams, whereas physical integrity has been overlooked or ignored. This oversight may be the result of the lack of a formal definition of physical integrity in the original Clean Water Act. As a consequence, many water quality managers and researchers have chosen to define and monitor physical integrity in terms of physical habitat integrity (Reid and Hilton 1998; Goldstein et al. 1999; Rabeni 2000; Bauer and Ralph 2001) . But can and should physical integrity be defined only in terms of physical habitat? Is this approach sufficient to monitor physical integrity and to ensure that the physical structure and function of stream ecosystems is maintained?
Physical integrity defined
We use the term physical integrity to imply a consistency of structure and function of the physical attributes of a watercourse through time. This definition is consistent with that of Graf (2001) who offered the following definition for the term:
"Physical integrity for rivers refers to a set of active fluvial processes and landforms wherein the channel, flood plains, sediments, and overall spatial configuration maintain a dynamic equilibrium, with adjustments not exceeding limits of change defined by societal values." (Italics inserted by authors for emphasis) Graf's (2001) definition of physical integrity is similar to definitions of channel stability (e.g., Lane 1955; Rosgen 1996; Watson et al. 2002) . Lane (1955) defines channel stability as "the dynamic equilibrium that exists between stream power and the discharge of bed material sediment." This equilibrium concept is generally described by the following relationship (Lane 1955 ; sensu Rosgen 1996) Q s D 50 ∼ QS where equilibrium is maintained or achieved when there is a balance between the product of the current discharge (Q) and stream gradient (i.e., slope, S) and the product of sediment discharge (i.e., bed material load, Q s ) and median particle size of bed material sediment (D 50 ). In other words, channel stability is achieved when there is a balance between the scouring forces of flow (volume and velocity) and resistance to flow (degree of hydraulic shear stress due to sediment type and volume of mobilized sediment).
A similar definition for this equilibrium concept is provided by Rosgen (1996, p. 7-11 ) who defined channel stability as:
"the ability of the stream, over time, to transport the flows and sediment of its watershed in such a manner that the dimension, pattern and profile of the river is maintained without either aggrading nor degrading." Watson et al. (2002) provided a similar definition as Lane (1955) and Rosgen (1996) . Watson et al. (2002) described channel stability as a function of sediment continuity (i.e., sediment supply is balanced by the sediment transport capacity). When the sediment transport capacity is greater than the sediment supply, sediment will be eroded from the channel banks and bottom (depending on the resistance of the bed and bank materials); when the sediment supply is greater than the sediment transport capacity, suspended sediment will settle out and aggrade the channel bed (Magner and Brooks 2007) .
The definition that we accept for physical integrity is the same as definitions given for physical integrity by Graf (2001) and channel stability by Lane (1955) , Rosgen (1996) , and Watson et al. (2002) . This definition for physical integrity is generally not used; one exception is by the Arizona Department of Environmental Quality, Monitoring and Assessment Program (http://www.azdeq. gov/environ/water/assessment/ongoing.html). We argue that physical integrity is synonymous with channel stability (i.e., hydrologic, hydraulic, or geotechnical stability and sediment continuity); it is the foundational element that supports habitat quality in low-gradient alluvial streams and streams with erodable cohesive sediments. Thus, channel stability is a necessary ingredient for the support of optimal habitat quality.
Relationships among physical integrity, habitat quality, and stream biota
The structure and function of the physical stream is governed by the interaction between geomorphology and hydrology (Fig. 1, Maddock 1999) . The interaction among landform, surficial geology, and discharge creates the structural form of the channel that in turn governs the volume and quality of the aquatic habitat (Maddock 1999) . This relationship dictates the type and kind of suitable habitat available for biotic organisms (e.g., Maddock (1999) substrate type, riffles and pools, flow variability, degree of embeddedness). Geomorphic condition (e.g., sinuosity, gradient, channel shape, crosssectional area, substrate size) has also been shown to influence diversity and productivity of fish communities (Berkman and Rabeni 1987; Waters 1995; Sullivan et al. 2006 ). Fish and macroinvertebrate functional groups are confined by water depth and velocity (Gorman and Karr 1978) , as well as the availability, size, and sorting of substrates suitable for reproduction, feeding, and protection (Allan 1975; Karr and Chu 1999) . When the stream channel is stable (i.e., not eroding or aggrading above expectation), the stream is able to maintain its form and structure, and therefore, the stream, according to the definition we propose, demonstrates that it has physical integrity. The resulting dynamically stable physical channel form provides the foundation upon which other elements of habitat are arranged (e.g., vegetation, large woody debris) and biological communities are structured (Southwood 1977; Ross et al. 2001) . Large woody debris, riparian and in-stream vegetation, and depth variability contribute to the heterogeneity of the habitat that supports biological diversity. Hence, habitat assessments typically focus on the presence of these physical elements (i.e., physical habitat) since biological potential is dependent on the quality of the habitat (Rabeni 2000) . However, most habitat assessments only record the presence of these habitat elements (e.g., substrate size, woody debris, riffles, pools). What is typically not assessed is whether or not these structures were recently mobilized by high flow events, the degree of floodplain connectivity, and the ability of the stream to maintain riffle/pool complexes, thalweg depth, and stable banks during annual high flow events. A stream that is not able to maintain these stream features will have a reduced potential to support a diverse biological community.
Fish and macroinvertebrates depend on specific habitats; a loss of habitat diversity can result in a loss of biotic diversity (Gorman and Karr 1978; Maul et al. 2004; Lau et al. 2006) . For example, stream channelization reduces habitat diversity through removal of meander bends and in-stream vegetation (Lau et al. 2006 ) that creates uniform bed morphology (Brookes 1988) and altered flow regimes (Karr and Dudley 1981) . Excess sediment that enters streams as a result of poor land use practices and unstable banks can embed or cover coarse substrates that are required by organisms for reproduction, feeding, and protection (Waters 1995; Nerbonne and Vondracek 2001; Berkman and Rabeni 1987) . Increased embeddedness of coarse substrates reduces habitat area and results in reduced macroinvertebrate density (Lenat et al. 1981) . Altered flow regimes may lead to degradation of habitat (e.g., high flows, mobility of coarse substrates, low flows, sedimentation) and water quality impairments that further impact biota.
Fundamentally, if there is change in the hydrologic regime (e.g., increased peak flows due to change in vegetative cover on the landscape) or change in sediment transport capacity (i.e., ability of stream to handle sediment load without aggrading), channel adjustment will be initiated (sensu Lane 1955) , and the physical structure and biological function of the stream channel and its attendant floodplain will change. Consequently, habitat degradation and water quality impairments will occur and biotic communities will be affected. Thus, the fundamental interaction among geomorphology (geology, channel morphology, and substrate size), hydrologic pathway (movement of water to the channel), and hydraulic forces (shear stress) forms the physical structure upon which habitat is developed (Maddock 1999) . Theoretically, habitat quality will be at its optimum when watershed hydrology and stream sediment transport capacity are in balance within the context of regional geology, land use, and natural climate fluctuation. Conversely, when substrate supply and the flow regime are out of balance, e.g., as could occur when changes in land use increase storm flow peaks (maximum discharge), the channel will undergo a period of instability during which habitat quality is diminished (e.g., excess scouring, embeddedness, loss of floodplain connectivity, loss of deep pool refugia). Therefore, we define the combination of habitat structures (i.e., physical habitat) and the structural and hydrologic stability of the channel (i.e., physical integrity) as physical habitat integrity. In our view, most habitat assessments do not adequately assess channel stability.
Habitat assessments used in biological monitoring programs in the USA In the USA, habitat assessments have routinely been employed during regular biological water quality monitoring programs to assess river health (Karr and Dudley 1981; Karr 1999; Maddock 1999) . Some of the more commonly used assessments include the Qualitative Habitat Evaluation Index (QHEI; Rankin 1989), the Rapid Habitat and Visual Reach Assessment (Barbour et al. 1999) , and quantitative habitat assessments to reduce subjective bias (e.g., Sorenson et al. 1999) . In general, these assessments evaluate local land use, riparian health, dominant sediment class per unit area, degree of embeddedness, bank erosion, variation in stream features, and cover for fish and macroinvertebrates. However, while these assessments characterize habitat types and quality of habitat available for aquatic biota, in our opinion, they do not stress the fluvial processes that control channel stability, which we argue is foundational to maintaining habitat quality and stream health, especially in low-gradient streams typical of the Midwestern USA. While national stream assessment protocols that include more quantitative assessments of geomorphic channel condition have been developed (e.g., Fitzpatrick et al. 1998; Kaufmann and Robison 1998) , these assessments are generally not used by most state biological monitoring programs (Goodrich et al. 2004 ). Perhaps, these geomorphic assessments have been perceived as difficult for some state agencies to implement for various reasons, such as additional field time and personnel costs, pressure to assess more streams in a shorter time-period, adequate training for field crews, equipment costs, and perceived lack of utility. However, TMDL investigations of biological and chemical stream impairments may soon change this perception.
TMDLs and limitations with habitat assessments
During condition monitoring (i.e., initial biological monitoring to assess stream health), a stream that does not meet water quality standards associated with its designated use (e.g., human consumption, aquatic recreation) is considered impaired and added to the Federal 303(d) list of impaired water bodies. Each listed reach, or identified Assessment Unit (AUID), requires completion of a TMDL assessment to identify the stressor(s) linked to the impairment (USEPA 2000a). Additional monitoring may by needed to target and identify suspected stressors, which may include continuous chemical monitoring, flow measurements, habitat assessments, and geomorphic condition assessments. The ultimate goal of a TMDL is to reduce loading of identified stressors associated with the listed impairment and subsequently return the AUID to compliance with water quality standards and designated uses.
When a stream is listed for impaired biota, previously collected chemistry and habitat data can be analyzed to tentatively identify potential stressors associated with the impairment (e.g., low dissolved oxygen (DO), turbidity, lack of cover, substrate embeddedness). If the pollutant is excess stream sediment, a habitat assessment may provide an indication of potential sources of sediment from unstable stream banks or local land use practices (Vondracek et al. 2005 ) such as cattle grazing in the riparian zone (Trimble and Mendel 1995) . Unfortunately, other stressors associated with unstable channels, such as bed scouring and substrate mobility, (Pfankuch 1975) are not quantified by most habitat assessments, although these conditions have been associated with habitat instability (Death and Winterbourn 1995) as a consequence of channel instability (Tipton et al. 2004) . Additionally, the geomorphic condition of the channel as being either incised and disconnected from the floodplain or overwidened and a potential cause of aggradation is not generally assessed. Consequently, most habitat assessments do not provide sufficient evidence that a channel is hydrologically, hydraulically, or geotechnically unstable; as such, the underlying mechanism that may impact habitat and biota may not be identified. Therefore, we argue that there is a missing link in many state biological assessment protocols currently in use in the USA.
Channel stability: the missing link Water chemistry, habitat quality, and channel stability all are important drivers of biological integrity. As such, all three are required to maintain the ecological integrity of streams. Maddock (1999) asserted that river health should be evaluated based on water quality, hydrology, geomorphology, and availability of physical habitat including assessments that measure flow regime and assess conditions of channel stability. Kaufmann (1993) and Kaufmann et al. (1999) identified and described seven stream attributes that influence stream ecology: channel dimensions, channel gradient, channel substrate size and type, habitat complexity and cover, riparian vegetation cover and structure, channel-riparian interaction, and anthropogenic alterations; an observed or measured change in any of these physical attributes can be used to detect an anthropogenic disturbance. At present, most condition monitoring programs generally assess water chemistry, habitat quality, and structure of the biotic community (Fig. 2) ; however, it is not common to conduct a separate assessment of channel stability [i.e., the stream's ability to Diagram illustrating an initial TMDL stressor identification process for impaired biota. White circles represent the typical data collection strategy employed by most state biological monitoring programs, while the gray circle represents channel condition and stability assessments that may be a missing link that would enhance the initial stressor identification process. A more focused assessment of channel stability (i.e., ability to maintain geomorphic shape and resist erosional forces) will identify stressors related to a sediment imbalance (sediment size and quantity) or changes in flow regime (sediment discontinuity) resulting in correctly prescribed remediation efforts. In our view, all components are needed to adequately assess the ecological integrity of low-gradient alluvial streams and address biological impairments maintain its channel structure through assessing whether a balance between sediment (size and quantity) and the flow regime (sediment transport competence) is presently being achieved]. Consequently, state regulators who address sediment TMDLs are faced with a lack of information on channel geomorphic, hydraulic, and geotechnical conditions that would help identify mechanisms leading to sediment discontinuity, habitat degradation, and biological or chemical impairment. Determining the mechanisms of impairment is crucial to designing targeted and realistic remediation efforts. Channel stability assessments are the missing link in biological monitoring programs and TMDL investigations of sediment discontinuity ( Fig. 2) . We suggest that an increased understanding of channel geomorphic, hydraulic, and hydrologic processes by biological monitoring crews and supplementing habitat assessments with qualitative and/or quantitative measures channel stability will remedy this missing link.
Natural stream processes verses channel instability
Natural stream processes are determined largely by climate, geology, vegetation, and basin morphology (Petts and Foster 1985) ; consequently, characterization of the stream's natural sediment and flow regime may vary widely by region and geologic stream type. In this paper, we focus our discussion on the natural stream processes of degradation and aggradation that are typical for mid-to low-gradient alluvial streams (Lane 1955; Schumm 1977) and streams that contain cohesive silts and clays, particularly in the streambank. Alluvial streams naturally undergo dynamic processes of degradation and aggradation within a watershed network from headwater streams to large rivers at such slow rates and quantities that changes in stream character are not readily perceptible (Simon and Rinaldi 2000) . These processes fluctuate temporally (i.e., wet season to dry season, annual variation), spatially (i.e., lateral migration), and stochastically (e.g., large floods or droughts).
The balance among these natural shifts in sediment production and sediment transport capacity (Lane 1955) i.e., sediment continuity, is considered the stream's stable state (quasi-equilibrium; Simon 1989) within its current geology, land use, and climate (Rosgen 1996) . In contrast, channel instability is defined as an imbalance between sediment production and sediment transport capacity (i.e., sediment discontinuity). Instability results from a combination of sources that involve both natural events and anthropogenic changes (Simon and Downs 1995; Simon and Rinaldi 2000) . Exmples of natural events that initiate channel instability in low-gradient alluvial streams includethe following: glacial rebound, also referred to as uplift or subsidence (Schumm 1977; Riedel et al. 2005) ; knickpoint migration between lowland rivers and higher elevation headwaters; and meander cutoffs that periodically occur in sinuous channels (Hooke 2004) . Natural channel adjustment processes can be accelerated and magnified by human activities (Table 1) , such as mechanical alteration, or indirectly through activities that change watershed hydrology (Simon and Downs 1995) , as could occur due to changes in vegetation (Anderson et al. 2006) , increases in impervious area, and hydrologic alterations induced by climate change (Poff et al. 1996; Rapport et al. 1998) . Altered climate and landscape conditions can lead to a change in the magnitude, timing, and duration of peak flows (Rosgen 1996) subsequently initiating periods of channel instability and adjustment (Simon and Downs 1995) .
Channel instability: impacts to stream habitat, chemistry, and biota Annual peak stream flow events and sediment mobility are considered important natural disturbances essential to maintaining healthy biological communities (Resh et al. 1988; Allan 1995) . Periodic disturbances, such as floods, can benefit habitat conditions for biota (Allan 1995) . Occasional higher flows have more erosive power to scour away fines embedding substrates and pools, overbank flows introduce large woody debris (Kline et al. 2004 ) and organic matter (Cuffney 1988 ) from riparian corridors. Biological communities are largely adapted to occasional disturbances that are part of the natural cycle of streams (Allan 1995) ; however, when the magnitude and frequency of disturbance is Pitt et al. (1995) f Rabeni and Jacobsen (1993) altered, a threshold is breached after which biological communities may be negatively impacted (Connell 1978; Townsend et al. 1997a ). Periods of drought, water diversion, or reductions in annual snowmelt may interrupt the annual periodicity of scouring flows to remove fines embedding coarse substrates thereby impacting lithophilic spawners (Brouder 2001) . Anthropogenic channel alterations and changes in watershed hydrology (Table 2) can accelerate and magnify the intensity of disturbance and initiate system-wide disequilibrium (Schumm et al. 1984; Simon 1989; Simon and Rinaldi 2000; Ross et al. 2001; Magner et al. 2004b; Lenhart 2008 ) during which channel geomorphic changes may occur (e.g., channel incision, widening, aggradation) and habitat quality and biological integrity may be affected. Incision, also referred to as downcutting or bed-level lowering, often follows an increase in sediment transport capacity (i.e., increased stream discharge) above mean annual sediment supply (Lane 1955; Galay 1983; Magner et al. 2004b ). Processes of downcutting and channel widening can cause long-term changes in the structure and function of stream channels and riparian corridors (Shields et al. 1994) ; subsequently, habitat and biotic degradation occur (Table 2) . Incising channels disconnect from their floodplains (Schumm et al. 1984; Thorne et al. 1997; Watson et al. 2002) , consequently reducing low flow refuge for youngof-the-year fish and weak swimmers during high discharge events (Junk et al. 1989) . Annual high flows that used to spill out into the floodplain are now concentrated within the deeper channel profile thereby magnifying the degree of degradation or bottom scouring. As a result, larger substrates upon which organisms rely for reproduction, feeding, and protection are now mobilized, thereby causing a reduction in species diversity (Death and Winterbourn 1995) and density (Death and Winterbourn 1995; McIntosh 2000) . Floodplain systems attenuate nutrients delivered from overbank flows (Forshay and Stanley 2005) ; when the channel is incised and disconnected from its floodplain, excess nutrients can cause or exacerbate water quality issues. Incised stream banks tend to evolve by hydraulic toe slope erosion and subsequent geotechnical failure resulting in excess instream sediment and loss of habitat heterogeneity through infilling of pools and interstitial spaces. Aggradation in pools can result in greatly reduced pool depth, thereby limiting the availability of late-summer and over-winter refugia for large fish (Schlosser 1987) . Excessive sediment delivery from unstable banks can trigger violations of numeric water quality standards for chemical impairments [e.g., total suspended solids (TSS), turbidity, temperature, low dissolved oxygen] and narrative standards (biotic integrity) leading to CWA Section 303(d) listing of streams (Lenhart 2008) . Hence, when substrate supply or the stream's hydrology experience an imbalance (e.g., hydrologic discharge is increased), the channel undergoes a period of instability during which habitat and water quality is suboptimal and potentially limiting to certain species of fish and macroinvertebrates. In contrast, when the natural dynamic equilibrium is in balance, physical habitat and water quality is theoretically at its optimum and will support a more diverse and stable biological community (Maul et al. 2004 ).
Sources of sediment to streams: overland soil erosion and unstable channels
In several National Water Quality Reports to Congress, sediment has frequently been listed as one of the leading causes of water quality impairment for stream reaches assessed in the USA (USEPA 1990 (USEPA , 1992 (USEPA , 1995 (USEPA , 1998 (USEPA , 2000b (USEPA , 2002 (USEPA , 2007 . Brooks et al. (2003, p. 211 ) stated that excess sediment can "adversely affect water quality and aquatic habitat and is one of the primary targets of the TMDL provisions of the Clean Water Act in the USA." Excess sediment in streams is traditionally perceived as primarily the result of land use practices causing overland or gully erosion (Waters 1995) . However, excess sediment can also be the result of unstable stream channels (Brooks et al. 2003) . A number of studies (NRCS 1988; Trimble 1997; Simon et al. 2006 ) that partitioned sediment sources between upland and channel erosion reported that contributions from unstable banks and stream beds dominated the sediment budget and that this sediment source was the main cause of declining water quality in downstream receiving waters. Specifically, Simon et al. (2006) reported that Table 2 Stages of the channel evolution model (Schumm et al. 1984; Thorne et al. 1997) fine-grained sediment emanating from unstable stream banks was responsible for declining water quality in Lake Tahoe. Trimble (1997) reported that two thirds of the sediment budget for San Diego Creek was from channel erosion, and a report by the Natural Resources Conservation Service (NRCS 1988) indicated that unstable stream banks in the lacustrine portion of the Nemadji River Basin contributed up to 89% of the sediment transported into Lake Superior.
Physical indicators of unstable channels
After instability is initiated, changes in the dimension, pattern, and profile of streams can be observed (Rosgen 1996) and "characteristics and conditions of the channel bed, channel banks, accumulation of debris and other causes of flow deflection, and the condition of riparian vegetation" can be used as diagnostics of channel stability/instability (Simon and Downs 1995) . In addition, changes in bed material size and computations of hydraulic forces at bankfull conditions can also be used to assess transport capacity and infer channel instability (Lisle et al. 2000) . Temporal changes in channel morphology and hydraulic stability have been described (i.e., Channel Evolution Model, Schumm et al. 1984 ; Incised Channel Evolution Model, Simon 1989; Channel Stability Diagram, Watson et al. 2002) . However, physical indicators of channel evolution and hydrologic instability (e.g., headcut migration, scouring, coarse substrate mobility, undercut banks, intermittently receding channel banks, and loss of floodplain connectivity) are largely ignored during biological assessments.
Channel stability assessments
There are several assessments available to monitor channel stability using physical indicators (e.g., Stream Reach Inventory and Channel Stability Evaluation, Pfankuch 1975; Channel Instability Index, Simon and Downs 1995; Streambank Erosion Hazard Index, Near-Bank Stress, Rosgen 1996) . The US Environmental Protection Agency (USEPA) and US Geological Survey (USGS) assess geomorphic condition by measuring crosssections, longitudinal profiles, and pebble counts for national stream assessment programs (e.g., Environmental Monitoring and Assessment Program of the USEPA, Kaufmann and Robison 1998; Peck et al. 2006 ; National Water Quality Assessment Program of the USGS, Fitzpatrick et al. 1998) .
The USEPA recently developed a standardized methodology for systematically linking sediment issues to watershed processes and to assess stream channel stability called the Watershed Assessment for River Stability and Sediment Supply (WARSSS; Rosgen 2006) . While WARSSS provides an in-depth analysis of channel stability related to present and future sediment supply to rivers and streams from bank and channel erosion, this level of detail requires training in watershed hydrology and fluvial geomorphology. The entire WARSSS procedure may be considered too laborious during an initial Phase I (condition monitoring) watershed assessment since each level of a WARSSS assessment can take weeks to months to complete and validate. However, some elements of the WARSSS procedure collected during a Phase I assessment could provide information as a preliminary screening tool for planning a Phase II (TMDL stressor identification) assessment.
Channel stability assessments and water quality monitoring programs Stream managers should consult and consider existing habitat assessments that include more detailed assessments of channel stability (e.g., Fitzpatrick et al. 1998; Kaufmann and Robison 1998) . Several components of these and other channel stability assessment techniques are discussed below. Depending on the limitation of time and resources, a few of these assessments could supplement existing water quality monitoring programs during an initial Phase I assessment; the information collected could assist in determining the type and level of data collection required during a Phase II stressor identification process (USEPA 2000a). The additional time required to complete these assessments largely depends on the type and number of assessments, number of personnel, stream size, reach length, and complexity of the stream channel. Harrelson et al. (1994) describe field methods for establishing benchmarks and measuring crosssections and longitudinal thalweg profiles; Peck et al. (2006) describe how to conduct instream measurements of channel cross-sections, longitudinal thalweg profiles, and a modified pebble count procedure that together with measurements of woody debris can be used to assess relative bed stability (RBS; Kaufmann et al. 2008); and Rosgen (2006) outlines applications of both subjective and qualitative channel morphology assessments in Phase II stream stability analysis.
Channel cross-section
The channel cross-section provides information for calculating channel dimensions and assessing channel condition (e.g., degree of incision and/or overwidening, floodplain connectivity). Generally, bankfull width to depth ratio (W bf /D bf ), crosssectional area (CSA), and entrenchment ratio (ER; ratio of floodprone width to bankfull width) are used to assess channel condition, transport capacity, and stability (Rosgen 1996; Montgomery and MacDonald 2002; Watson et al. 2002) .
Because the channel forming flow is presumed to correspond to the bankfull discharge (Wolman and Leopold 1957) , channel width and depth are often used for interpreting and monitoring channel condition (Montgomery and MacDonald 2002) and for computing ratios used for the Rosgen Classification (Rosgen 1996) . The height of the channel-forming discharge (i.e., effective discharge, Wolman and Leopold 1957) is often difficult to identify in the field when channels are unstable (Simon et al. 2007) , and bankfull indicators are not readily apparent e.g., because of bare banks due to geotechnical failure Brooks 2007, 2008) . Uncertainty in the estimation of bankfull height can be resolved by using regional hydraulic geometry curves (RHGCs; Leopold and Maddock 1953) . These curves are log-log plots that compare bankfull channel crosssectional dimensions (i.e., bankfull width, mean bankfull depth, CSA) versus drainage area (DA; NRCS 2007).
RHGCs are developed by first determining the bankfull or channel forming flow (i.e., generally 1.2 to 1.8 recurrence interval flow) using discharge measurements from gage stations with at least 10 years of consecutive data (USGS 1982 Once developed or obtained, RHGCs can assist in in-stream estimations of bankfull height using the empirically derived CSA and DA. When possible, the RHGC-derived estimate of bankfull height should be validated with local observations of bank features such as a change in slope, perennial vegetation, and depositional features (Harrelson et al. 1994; Peck et al. 2006 ) within or just upstream or downstream of the surveyed reach. However, after debris torrents or major floods, these features may have been scoured away and will not be readily apparent (Peck et al. 2006) . In this case, an undisturbed stream with the same drainage area, geology, and climate may be used to validate the expected cross-sectional area. A relatively accurate estimate of bankfull is required to compute sediment competence; however, if the goal of the assessment is only to infer whether or not the stream is connected to its floodplain, overwidened and aggradating, or is incised [see Figs. 7, 8 and 9 in Peck et al. (2006) for schematics of floodplain connected and incised streams], the RHGC-derived CSA will provide a relative estimation of the expected bankfull flow height.
Longitudinal thalweg profile
A longitudinal profile determines bed and water surface elevation over a given stream length (e.g., 20 to 30 times the channel bankfull width). A longitudinal profile can also be used to record field indicators of bankfull elevation and pool sediment deposition that can provide information about channel adjustment. Observation of changes in the bed profile (i.e., increase or decrease in thalweg depth variability, changes in pool and riffle spacing) and local changes in channel slope provide information about bed stability and sediment transport. If multiple years of data are available, movement of a knickpoint (i.e., a sharp point of change in channel slope) may suggest that the channel is evolving to a new morphology. A knickpoint will migrate upstream until the upstream and downstream gradients within the reach are similar (Brooks et al. 2003) or until the knickpoint encounters a resistant substrate. Further, if the depth of unconsolidated sediment in the streambed is also recorded during the profile, the degree of pool infilling or bottom scouring can be assessed (Lisle and Hilton 1999) .
A longitudinal profile also provides a localized estimation of stream gradient. As a general practice, stream gradient is estimated from topographic maps with contour lines of known elevations. In regions with relatively flat terrain, the distance between known topographic changes can fall outside the reach of interest; consequently, the gradient is estimated over a larger distance. This can result a gradient estimation that may not accurately characterize the gradient of the localized surveyed reach. By collecting a fieldderived longitudinal profile, the reach-level gradient estimations may be more accurate; however, careful field surveying is necessary to get good estimates of gradient in low-relief systems. Stream gradient estimations also provide information on unit stream power and the associated boundary shear stress acting upon the bed and banks of the channel. This information can be used to assess the sediment transport competence (Kaufmann et al. 1999 (Kaufmann et al. , 2008 and sediment transport capacity for initial departure analysis (Rosgen 2006) .
Particle size distribution
In sand, gravel, or mobile-bed streams, the particle size distribution in the stream channel can be estimated by a Wolman pebble count (Wolman 1954) or sieve analysis (Lambe 1951) . A pebble count is performed by random selection and measurement of the median diameter of 100 sediment particles over the study reach; particle diameters are graphically plotted to determine the portion of particles that are finer than the 50th percentile (D 50 ) and 84th percentile (D 84 ) of the sampled particles. For streams that are dominated by finegrained sediments, a sieve analysis may be preferable. A sediment sample is collected from multiple points along the reach; after drying, the sample is sorted through a nested set of progressively finer sieves (Lambe 1951) . The weights of each sediment partition are graphed as a percent of the total sample weight against diameter size (sieve opening size). The D 50 and D 84 are often used to evaluate channel geometry hydraulics, e.g., shear stress and associated sediment continuity. Thus, changes in particle size ranges may indicate an imbalance in sediment supply or sediment transport capacity.
In contrast to a pebble count, most commonly used habitat assessments visually characterize the dominant substrate type of the stream bed at 4 to 5 points across a transect; an estimation of percent embeddedness of coarse substrates is often also recorded. While this procedure is useful for determining the dominant substrate types available for stream biological potential and habitat quality (e.g., clean gravel for lithophilic spawners), fine sediments (silt, sand, gravel) may be underrepresented, and may not provide indication that the stream sediment transport capacity has changed. In contrast, a Wolman pebble count characterizes the full range of substrate sizes encountered, including non-dominant substrates. Changes in mean particle size of the streambed may be driven by sediment discontinuity; if a channel bed aggrades or degrades, something within the system (e.g., sediment supply or discharge) has been altered.
Assessment of channel condition using field measurements and computations
Together, the cross-section, longitudinal profile, and particle size distribution can be used to compute hydraulic properties at bankfull, including boundary shear stress. Boundary shear stress provides an estimate of the forces acting on the channel bank and bed during bankfull conditions (Lisle et al. 2000) . Software programs are available to compute channel dimensions and hydraulic properties (e.g., STREAM Module, http:// www.dnr.state.oh.us/tabid/9188/default.aspx; RIVERMorph ® , http://www.bossintl.com/html/ rivermorph_overview.html). Montgomery and MacDonald (2002) described of how channel dimensions and bankfull hydraulic forces can be used to diagnose channel condition. Kaufmann et al. (2008) describe how to characterize regional expectations of RBS with which to compare and diagnose sedimentation issues related to anthropogenic disturbance. This level of detail may be more appropriate for the Phase II stressor identification investigation than for general condition monitoring; however, a record of geomorphic variables collected during condition monitoring could benefit the TMDL process (see "Benefits of channel stability assessments").
Information about the entrenchment ratio (ER) can assist in identifying and validating the current state of stream channel stability by classifying the stream evolutionary stage, as an example, a stream is considered moderately entrenched (i.e., channel confined by landform slope) when the ER is between 1.4 and 2.2 (Rosgen 1996) . This stream would be considered incised and classified as Stage II in the Channel Evolution Model (Table 2 ). In such a condition, energy from higher discharges is contained and magnified within a narrower area compared to a stream that was not incised. This confinement at high flow promotes channel Evolution Processes of incision (i.e., downcutting and floodplain disconnection) and/or channel widening (i.e., bed is armored and downcutting is limited).
Stream Reach Inventory and Channel Stability Evaluation
The Stream Reach Inventory and Channel Stability Evaluation (Pfankuch 1975) , hereafter referred to as the Pfankuch Stability Index (PSI), has been used for numerous applications from stream condition assessment, international research, and stream restoration. The PSI is a tool used in the USEPA WARSSS procedure (Rosgen 2006) to assess stream channel condition and stability for watershed assessment and TMDL problem investigations. The PSI has also been used extensively in international research investigating relationships between channel stability and biota (Rounick and Winterbourn 1982; Death and Winterbourn 1994, 1995; Townsend et al. 1997b; Duncan et al. 1999; Robertson and Milner 1999; McIntosh 2000; Gislason et al. 2001; Lods-Crozet et al. 2001a, b; Maiolini and Lencioni 2001; Heiber et al. 2002) . The PSI has also been used to evaluate streambanks for restoration by the Izaak Walton League of America (IWLA 2006) . However, this tool is not normally used for biological monitoring programs in the USA (Goodrich et al. 2004 ). This may in part be due to the lack of familiarity of biologists with the PSI, or that the utility of this additional assessment tool for biological monitoring programs has not yet been realized.
The PSI was developed in mountainous streams in the western USA (Pfankuch 1975) . Several modifications to the PSI have been suggested to extend its applicability to other stream types and to test specific research questions. Rosgen (1996) has devised a score modification procedure using his stream classification to better characterize potential and future stability of streams based on substrate character and geomorphic variables. Research assessing habitat stability (as indicated by mobility of coarse substrates) utilized PSI metrics associated only with the channel bottom (see Death and Winterbourn 1994; Death 1995; Winterbourn and Collier 1987; McIntosh 2000; Castella et al. 2001) . Current research evaluating the utility of the PSI to predict fish IBI in low-gradient streams in Minnesota suggests that modifications to the original PSI should be considered for these systems (Asmus et al., unpublished data) . For example, some Midwestern streams appear to be dominated by alluvial non-cohesive stream banks where groundwater discharge and internal pore pressure have destabilized noncohesive alluvium at the toe of the bank, resulting in bank failure (Magner et al. 2004a ); these conditions are not characterized by the current PSI. Modification to the current PSI could be considered to tailor this assessment tool to more accurately assess channel stability in different stream settings.
In its most basic form, the PSI can be used as a preliminary screening tool to assess channel condition and aid in determining whether a more quantitative assessment may be required. After regional calibration and validation, the PSI may offer a time-efficient and effective qualitative assessment tool that could be used in tandem with subjective habitat assessment tools such as the QHEI (Rankin 1989 ).
Benefits of channel stability assessments
Channel stability assessments could be beneficial to watershed assessment programs in a number of ways, including: (1) aiding in selection of reference or best attainable stream condition for developing metrics for an IBI, (2) providing a baseline for monitoring changes in present and future condition, and (3) providing descriptive and empirical documentation of channel conditions with which to aid TMDL problem investigations of chemical and biological impairments associated with excess sediment or a reduction in sediment transport capacity.
Selection of reference streams during IBI development
Determining and defining the reference condition is a critical element in biocriteria development (Barbour et al. 2000) . During IBI metric development, channel stability assessments can be used for selection of stable reference sites (Maul et al. 2004) . Maul et al. (2004) found that macroinvertebrate communities in stable streams demonstrated less temporal variability than communities collected from intermediate and highly unstable channels. Characterizing streams as "stable" or "adjusting" relative to regional expectations may help explain some of the variability often found among candidate reference streams during IBI development. Explaining this variability could improve the definition of a best attainable stream condition for a particular region and stream type.
Establishing a baseline for monitoring changes
Establishing a permanent benchmark allows direct comparison of a cross-section and longitudinal profile through time (Harrelson et al. 1994) . Permanent benchmarks and cross-sections often are required for field assessments and validation of channel stability. These benchmarks may vary from official USGS elevation monuments on bridges to other structures such as telephone poles, building foundations, and rock outcrops in streams. Photographs taken from a consistent location and perspective can also be useful for observing changes in channel condition. Field evidence of changes in channel characteristics could signal that the flow or sediment regime has changed (Rosgen 1996) and has set in motion a period of potential channel instability that requires remedial action. Aptly targeted remediation strategies during the early stages of channel evolution may prevent system-wide degradation.
Channel stability and TMDLs
TMDL problem investigations of the causal mechanisms of excess suspended and bedload sediment (Rosgen 2006) will likely require additional data collection, including assessments of channel stability (e.g., WARSSS, Rosgen 2006) . One of the issues that may confound a determination of channel stability is that, often, these assessments are collected one or more years after the reach was listed as an impaired waterbody. Therefore, the mechanisms originally responsible for sediment discontinuity may no longer be active (Anderson et al. 2006) , as could occur when a disturbed alluvial channel has evolved to more stable channel morphology (Schumm et al. 1984; Rosgen 1996; Simon 1989; Watson et al. 2002) . Consequently, an investigation may not identify the source of sediment discontinuity that existed at the time of 303(d) listing, causing investigators to target incorrect sources for remediation. In addition, assessments of channel stability are often considered incomplete until future assessments are available with which to make a comparison and validate channel instability. If channel geomorphic measurements and channel stability assessments were taken at the time of biological monitoring, these fluvial assessments could provide an historical record with which to diagnose channel instability and prescribe remediation strategies. Rehabilitation alternatives should also be assessed within the context of the spatial variability and temporal succession of channel evolution . Therefore, we suggest that assessments of channel morphology be included during biological monitoring to improve future TMDL investigations of impairments and for selecting aptly targeted load allocations and associated remediation strategies.
A history of turbidity and the Minnesota River Historically, the Minnesota River has been a turbid system; the Dakota named the river Minne sota, or cloudy water (Upham 1969) . In the early 1990s, high levels of TSS, nutrients, and visibly turbid waters were perceived to be the consequence of large-scale agricultural practices within the basin, inspiring the governor at the time to promote basin-wide efforts to clean up the Minnesota River within a 10-year timeframe (Feist and Niemala 2002) . Government agencies and landowners collaborated to reduce surface and gully erosion by enrolling thousands of hectares in federal and state conservation easement programs and promoting best management practices, such as grass swales, riparian buffers, and conservation tillage. A follow-up study by the Minnesota Pollution Control Agency (Feist and Niemala 2002) found that although improvements in biotic integrity were found in the headwaters of the basin, there was little change in the basin overall. The minimal change in biological condition observed was attributed primarily to increases in tile drainage, ditching, and urbanization within the basin over the intervening time period. In addition, researchers have proposed several alternate causes and mechanisms for the continued high levels of TSS and turbidity in the Minnesota River (Magner and Steffen 2000; Hatch et al. 2001; Bauer 1998; Thoma et al. 2005) . Magner and Steffen (2000) argued that extensive landscape transformation (e.g., loss of wetlands, increased tile drainage, change in vegetation) over the last century increased the occurrence of peak stream flows and initiated a period of channel adjustment. Hatch et al. (2001) suggested that streambank erosion might be a significant contributor. Thoma et al. (2005) argued that geotechnical failure from alluvial soil layering and pore pressure seeps above the waterline continually destabilize non-cohesive alluvial bluffs (Bartholomew and Gupta, unpublished data, http://a-c-s.confex.com/ crops/2006am/techprogram/P23551.HTM). Bauer (1998) suggested that post-glacial knickpoint migration in the Blue Earth River is a historical but gradually decreasing supply of sediment to the Minnesota River (Mulla and Bauer, unpublished data, http://a-c-s.confex.com/crops/2006am/ techprogram/P27313.HTM ).
Clearly, identification of historical, natural, and anthropogenic mechanisms of sediment discontinuity is crucial to complete a successful TMDL. Best management practices that do not target the cause of hydraulic, geotechnical, or hydrologic imbalances that lead to channel instability may provide limited benefit. Unless the suite of mechanisms for sediment discontinuity is identified, costly remediation efforts may result in minor improvements (Brezonik et al. 1999 )-or even make the situation worse .
Olentangy River Watershed TMDL The Olentangy River Watershed TMDL (Ohio EPA 2007) is an example of an interdisciplinary framework that incorporates knowledge of biology, chemistry, fluvial geomorphology, and watershed hydrology in attempt to address biological impairments. Leading causes of impairment identified in the TMDL were habitat alteration, nutrient enrichment, flow alteration, and siltation. The TMDL suggests that remediation strategies include cattle exclusion from riparian zones, improving channel stability and water quality through two-stage ditch construction, restoring floodplain connectivity, increasing watershed storage of overbank flows, and increasing infiltration, among others. These measures are intended to benefit the biological community by attenuating nutrients and stabilizing DO, dampening peak flows and increasing base-flows, and improving habitat conditions by reducing siltation through stream bank stabilization and retention of sediment by riparian floodplains. This TMDL incorporates an interdisciplinary understanding of processes at the scale of reach, riparian, and watershed; all scales may be necessary to successfully address TMDLs related to biological impairments.
Conclusion
Changes in hydrology, morphology, and subsequent sediment continuity can alter and impair physical habitat, water chemistry, and biota. We suggest that biotic communities in low-gradient alluvial systems would be better managed and protected if physical integrity was defined as channel stability and that channel stability was clearly incorporated into the definition of physical habitat integrity. Physical integrity is an important foundational mechanism or missing link in maintaining biotic integrity, and channel stability is an important dimension of physical habitat integrity that is necessary for maintaining "the chemical, physical and biological integrity of our Nation's waters" (CWA Section 101[a] ). Inclusion of stability assessments during IBI development will better identify reference reaches, provide a baseline for future assessments of channel condition changes, and provide an understanding of potential fluvial processes that underlie biotic impairment during TMDL investigations. An in-depth understanding of channel stability and other aspects of fluvial geomorphology is important for bridging the knowledge gap that may often exist between biologists and geomorphologists involved in assessing waters impaired by unstable stream channels. Successful completion of TMDL problem investigations will require an understanding of processes operating at different scales within the watershed and may involve collaboration and integration of multiple disciplines involving biology, chemistry, geomorphology, and watershed hydrology. We recommend that channel stability and other fluvial geomorphic and hydrologic and hydraulic assessments occur during biological monitoring and TMDL investigations to distinguish between natural and human-induced variability in IBI scores and to meet the mandate of the Clean Water Act to protect and restore physical integrity.
